Metallic ruthenium films were prepared by metalorganic chemical vapor deposition (CVD) using a new precursor named (η 6 -benzene)(η 4 -1,3-cyclohexadiene)ruthenium (Ru(C 6 H 6 )(C 6 H 8 )) in Ar atmosphere, and the absolute composition and electrical properties were investigated. The absolute composition including hydrogen was determined by means of the elastic recoil detection time of flight (ERD-TOF). It was found that carbon contents in the films markedly decreased when tetrahydrofuran (THF) was supplied with the precursor during deposition. The variation in carbon content could be interpreted by the formation of hydrocarbon compounds as well as the formation of carbon oxide, resulting from the reaction between carbon and THF. In particular, Ru films contained hydrogen that originated in the hydrogen atoms in the precursor and was involved in the CVD process due to the catalytic effect of ruthenium on hydrocarbon and hydrogen. It was shown that grain size, among several other factors strongly affected the electrical properties of ruthenium films.
Introduction
RuO 2 thin films have being receiving much attention because of their good conductivity, low temperature coefficient of resistance (TCR), and high thermal stability.
1) Therefore, they have been investigated for many applications such as diffusion barriers for oxygen, 2, 3) thin film resistors, and electrode materials for ferroelectric oxides. 4, 5) In particular, RuO 2 thin films have been extensively investigated as a potential electrode material due to their ability to form a stable interface with dielectric oxide. They provide better polarization fatigue properties 4) to PZT films than Pt thin films for ferroelectric random access memory (FRAM) applications. They also exhibit good etching properties for forming small features. Recently, there has been increasing interest in the deposition of metallic Ru films as well as in the study of RuO 2 film 6) because Ru film can be used as an adhesion layer for a diffusion barrier as well as an electrode for dynamic random access memory (DRAM).
Previous studies of the metalorganic chemical vapor deposition (MOCVD) of metallic ruthenium films have utilized several precursors: Ru(acac) 3 derivatives (acac, acetylacetonate), Ru 3 (CO) 12 , Ru(C 5 H 5 ) 2 , Ru(EtCp) 2 , and Ru(TMHD) 3 . However, few studies about pure metal ruthenium deposition have been reported so far, because the precursors involve oxygen atom or oxygen gas used as a reaction gas to assist precursor decomposition. Also, there are few studies on the analysis of thin film composition, which can influence the properties of ferroelectric film deposited on Ru film as well as the Ru film itself. There are no studies on the analysis of hydrogen content in films, although the precursors for Ru films include hydrogen and small amounts of hydrogen can degrade ferroelectric material. 7) Only the possibility of the formation of hydrogen gas in the CVD process was reported using thermodynamic calculation. Also, the reasons for the change in carbon content or the method of decreasing the carbon content have rarely been investigated in the CVD process. In this study, Ru thin films with good electrical resistivity were deposited at 200-400
• C using a new precursor of Ru(C 6 H 6 )(C 6 H 8 ) without oxygen gas and the effects of several factors on resistivity were investigated. Also, we studied the effects of deposition conditions on impurity content and the origin of impurity using the ERD-TOF technique for absolute quantitative composition analysis.
Experiment
Ru(C 6 H 6 )(C 6 H 8 ), which does not include oxygen atoms, was used as the precursor as shown in Fig. 1 and tetrahydrofuran (THF) was used as the solvent to dissolve the precursor. The molar concentration of the solution was maintained at 0.1 M. Ru thin films were deposited on p-type (100) Si substrates using the MOCVD method without reaction gas. The reactor and all gas lines were evacuated to the base pressure of 6 × 10 −6 Torr to reduce the oxygen content in the films. Detailed experimental conditions are presented in Table I , where the deposition temperatures were determined by thermal analysis, such as differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). Compositional analysis of Ru thin films deposited on Si substrates was performed by the ERD-TOF technique for absolute quantitative analysis including hydrogen, carbon, and oxygen in the films. This measurement technique offers two-dimensional detection, measuring the flight time as well as the energy of the recoiled elements. The film density could be calculated with total atom number recoiled from the whole film thickness per Ru Fig. 1 . Structure of (η 6 -benzene)(η 4 -1,3-cyclohexadiene)ruthenium (Ru-(C 6 H 6 )(C 6 H 8 )). The thickness of the Ru films was determined by scanning electron microscopy (SEM). The crystallographic nature of the Ru films was evaluated by X-ray diffraction (XRD). A Cu Kα line was used as the X-ray source, the incident power was 30 kV at 60 mA, and the sweep rate was 3
• /min. Figure 2 shows the XRD patterns of Ru thin films deposited at various substrate temperatures. These XRD patterns reveal the presence of single phase crystalline Ru metal, which has (002) orientation in the substrate temperature range from 200 to 400
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• C. Figure 2 also shows that crystalline Ru thin films could be deposited at temperatures as low as 200
• C, which is near the decomposition temperature of Ru(C 6 H 6 )(C 6 H 8 ) even though the intensity of the XRD pattern of this film is somewhat lower than those of other films deposited at higher substrate temperatures. In other reports, the Ru(C 5 H 5 ) 2 precursor could be decomposed only at high temperatures, such as 550
• C. This result indicates that Ru(C 6 H 6 )(C 6 H 8 ) is more promising than any other currently available precursor for low-temperature processing of Ru thin films by MOCVD. The resistivities of films deposited at 300
• C and 400
• C were about 12 µ -cm and 24 µ -cm, respectively. Figure 3 shows the resistivity of Ru thin films versus film thickness. The resistivity of Ru thin films decreases to 12 µ -cm as film thickness increases from 6 nm to 42 nm. Below the critical film thickness, the resistivity increases rapidly. It is well known that the electrical resistivity of thin metallic films increases once the film thickness decreases below the bulk electronic mean free path. 14, 15) In particular, the film of 45 nm thickness had a resistivity of 12 µ -cm, which was comparable to that of bulk Ru (∼ 7 µ -cm). The variation of the densities of the Ru films with different thicknesses was determined by ERD-TOF analysis. The density of all Ru films was about 10.5 g/cm 3 , 85 percent of the theoretical density, regardless of the film thickness. Also we can not observe any compositional difference among the Ru films with different thicknesses. The variation of grain size with film thickness was observed, which can affect film resistivity. The grain size of Ru thin film increased as film thickness increased. We speculate that the primary driving force for grain growth is the reduction of the grain boundary energy in this system. The grain boundary is the region of high energy and the diffusion path of atoms, so some grains can grow at the expense of others. The relationship between resistivity and grain diameter is shown in Fig 4. As Ru thin film becomes thinner, the mean grain size decreases, leading to the presence of more grain boundaries and hence increasing the resistivity. Figure 5 shows the auger electron spectroscopy (AES) depth profiles of Ru thin films deposited at different temperatures. The films showed good compositional uniformity in the thickness direction. Figure 5 shows the sharp interface between the Ru film and the Si substrate, indicating that interdiffusion between Ru and Si substrate hardly occurred during the deposition process. Figure 6 shows the energy versus flight time spectra for films deposited under different conditions. The oxygen concentration in the films did not exceed one atomic percent and was uniformly distributed in the metallic Ru phase as revealed by the XRD patterns. These low concentrations are similar or lower values to oxygen concentration, which were qualitatively estimated by AES or X-ray photoemission spectroscopy (XPS) in other papers. 8, 9) The deposition of the film shown in Fig. 6 (c) proceeded without THF for 15 min. after the film was deposited with THF for 15 min. The increase in oxygen concentration in the region deposited without THF indicates the fact that the amount of oxygen in the film is not proportional to the amount of oxygen in the precursor or H 2 O background at least under the rare oxygen atmosphere, because THF supply increases the oxygen content in the reactor. The compositions of films obtained using different deposition conditions are summarized in Table II . In Table II , thin films are numbered from 1 to 3 for convenience.
As shown in Table II , the hydrogen content in the films is about 2 atomic percent and is independent of the deposition conditions. It is speculated that the hydrogen component in the films was not involved in the Ru films due to exposure to air but during the deposition process since the amounts of nitrogen or oxygen was not detected as much as the amount of hydrogen, both on the film surface as well as at inside the film; nitrogen and oxygen gas easily adsorb to metallic ruthenium as hydrogen gas does.
11) Previously, Kang et al. found by thermodynamic calculation that the formation of hydrogen gas is thermodynamically possible, and the amount of hydrogen gas slightly increases with increasing temperature during CVD. 10) However, they did not observe the existence of any hydrogen components in the films, and they also expected the inclusion of hydrocarbon molecules rather than the inclusion of hydrogen molecules or atoms in the films. Even though the inclusion of hydrocarbon was suggested in some papers, 10, 13) there are two reasons for the hydrogen component observed in this study has the hydrogen form rather than the hydrocarbon form. One is that the ratio of carbon to hydrogen in film deposited at 400
• C is too low. Because C 2 H 2 adsorbs to ruthenium more strongly than CH 4 does, the ratio of carbon to hydrogen must be near one. The other reason is that the interstitial site of the ruthenium structure is large enough for hydrogen, but not hydrocarbon, to occupy. Also, it is known that there is a rapid uptake of hydrogen atom room temperature on ruthenium.
11) The amount of hydrogen in the films decreased when the films were deposited without THF and was constant regardless of the deposition temperature. The THF molecule involves larger amounts of hydrogen and carbon than oxygen. Because the above observation means that the amount of hydrogen gas generated is larger than the amount of hydrogen gas that disappeared by H 2 O formation, it is speculated that the hydrogen content in the films is proportional to the hydrogen gas content in the reactor. The change of the hydrogen content, which is different from the result predicted by thermodynamic calculation, with deposition temperature, shows that the generation rate of hydrogen gas is affected by ruthenium. Because ruthenium metal is known to adsorb hydrocarbon and to act as a catalyst for the polymerization reaction during which hydrogen gas is generated, larger amounts of hydrogen gas than that predicted by thermodynamic calculation were are formed, even if the hydrogen content in films is scarcely affected by the deposition temperature.
It is too difficult to obtain precise information on carbon concentration in the film depth direction using XPS or AES since the carbon 1 s peak cannot be directly analyzed due to overlapping with the ruthenium 3d3/2 peak. As shown in Table II , we observed that films deposited at 300
• C (no. 1) and 400
• C (no. 2) with THF contained 2% and < 1% carbon, respectively, using the ERD-TOF technique, and carbon in those two films was uniformly distributed in the Ru films, as shown in Fig. 6 . However, thin film no. 3 had lower carbon concentration near the interface than near the surface, where the film was deposited without the THF solvent. This distribution of the carbon in film no. 3 and the low contents of carbon in film nos. 1 and 2 can be explained not by the effects of carbon-oxide formation by oxygen as suggested in other papers, 10, 12, 13) but by hydrocarbon formation, the coordination of carbon with hydrogen, because the amount of oxygen is negligible compared to the carbon content under all deposition conditions. If only the effects of carbon-oxide formation are considered to explain the change of the residual carbon content, films deposited with THF would have a higher carbon concentration because THF increases the ratio of carbon to oxygen. The elimination of residual carbon by hydrocarbon formation in this study is simply described as
where Ru(C) is metallic Ru film containing carbon impurities.
The saturated coordination number of carbon with hydrogen is one. Therefore, at least one hydrogen atom is needed per unit carbon atom for the formation of a hydrocarbon molecule. Particularly, the decomposition and formation of dihydrofulvalene (C 10 H 10 ) as a by-product during the CVD process assist carbon incorporation, when carbon concentration is similar to hydrogen concentration under an inert gas atmosphere. 16) Carbon in the precursor, Ru(C 6 H 6 )(C 6 H 8 ), has an almost saturated coordination number with hydrogen; moreover, hydrogen gas is generated in the deposition process as discussed above. Therefore, the number of hydrogen atoms for hydrocarbon formation by bonding with carbon is deficient and that causes an increase in the amount of residual carbon in films during the deposition process. These results show that hydrocarbon with an unsaturated coordination number can replace oxygen gas, which was suggested in other investigations, to lower residual carbon. This also means that metallic Ru film with less carbon impurity can be deposited by selecting the appropriate solvent for the solid Ru precursor without oxygen gas. Also, the use of hydrocarbon can overcome the disadvantage of using oxygen gas at low temperatures, a narrow process window for preventing ruthenium oxide formation. These effects of hydrocarbon on residual carbon can be extended to other investigations to explain the high carbon concentration in metallic ruthenium films. As shown in Table II , the decrease of carbon concentration with increasing deposition temperature can be explained by the increase of the thermodynamic stability of hydrocarbon. Generally, It is difficult to fabricate Ru films, that have low carbon and oxygen concentrations at the same time using commercial precursors, such as Ru(C 5 H 5 ) 2 and Ru(EtCp) 2 , because they require oxygen gas for low-temperature deposition and lowering impurity carbon concentration. 8, 9) However, we can prevent impurity incorporation without the use of oxygen gas using the decomposition of Ru(C 6 H 6 )(C 6 H 8 ) at low temperature and THF solvent.
Conclusion
The (η 6 -benzene)(η 4 -1,3-cyclohexadiene)ruthenium (Ru-(C 6 H 6 )(C 6 H 8 )) compound was found to be a suitable precursor for ruthenium metal deposition. The ruthenium precursor evaporates readily at temperature below 45
• C without decomposition. Pure Ru films were grown using the precursor at 200
• C without reaction gas. However, metallic ruthenium films contained not only oxygen and carbon but also 2 atomic percent hydrogen, that originated from hydrogen atoms in the precursor and was involved in films by the catalytic effect of ruthenium on hydrocarbon and hydrogen. Carbon concentration in films could be reduced by supplying hydrocarbon molecules as well as increasing deposition temperatures without the oxidation of ruthenium and other large changes in composition. In our study, grain size strongly affected the electrical properties of the ruthenium film
